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Abstract 
The present paper describes a mathematical model and detailed transient behavior of a six-phase synchronous 
generator for isolated energy generation, when subjected to sudden switching of inductive load on either of the 
winding set or on both the winding sets. The computer model has been developed in rotor reference frame and is 
worth for the analysis of any arbitrary displacement angle between the two winding sets. The mutual leakage 
reactance and mutual leakage coupling between the d-q axes of two winding sets have also been considered in the 
analytical model. It is depicted that there is an interaction between the two windings as the performance of a winding 
set varies when other is subjected to variation in load. The computer traces for different loading conditions are shown, 
which agrees well with the established results. Some experimental results are also included. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
"Keywords: Six-phase synchronous generator; Stand-alone renewable energy generation"  
1. Introduction 
Literature survey shows that in the past two decades, lot of research work was carried out, 
indicating the economic and technical viability of multi-phase (in excess of three) ac machines. The multi 
phase ac drive’s potential areas of application are in hybrid electric traction, marine ship propulsion and 
nuclear power plants because of their inherent property of higher power density, reduced per phase 
current and greater fault tolerance capability. The study in the field of drives is in the advanced stage, but 
same is not true for the application of these machines in the area of energy generation. The investigations 
pertaining to utilization of multi-phase ac generators was reported in early 1970-80 [1-2]. The study was 
mainly in uninterrupted power supply. Paper [1] discussed a double winding alternator with two displaced 
three phase stator windings. In this, author presented a mathematical model and steady state analysis 
using orthogonal transformation and flux plots, the effect of damper winding was not considered. Further 
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in multi-phase machine, DC supply harmonics should not propagate to AC supply side using isolated 
neutral of the two winding groups. A theoretical study of a six-phase salient pole generator with AC and 
bridge rectified DC output using flux inter-linkages is presented in reference [2] without considering 
effect of stator winding resistance. Later the work has been extended by considering winding resistances 
[3-4]. However, neither of these two methodologies, considered the effects of mutual coupling in the two 
stator winding groups. An improved mathematical model with AC-DC connections, wherein the mutual 
coupling effect is included and a steady state performance of six–phase synchronous machine using 
harmonic phasor technique was investigated [5]. In this model, the effects of magnetic saturation and air 
gap harmonic were not considered. 
Nomenclature 
Subscripts used are 
q,d   - for q and d-axis quantities 
1,2  - for stator winding set ‘abc’ and ‘xyz’   
Kq, Kd, fd  - damper winding along q-d axes and field winding 
lm  - mutual leakage inductance between the two sets of stator windings  
l - for leakage inductances of various windings 
ldq - mutual leakage inductance between the q-d axes   
Shanming et al have described a model based on finite element method and multi-loop technique 
by incorporating the effects of space harmonics and saturation for the study of AC-DC supply system [6].  
In the past, very few researchers have discussed the use of multi-phase machine for energy generation [7-
10]. In the age of deregulation of power industry, where the interest of business houses is to provide 
reliable, low cost, energy efficient systems in a competitive market. Thus the advantages of multi-phase 
machines must have to be explored for power generation systems. The investigations in the field of multi 
phase ac machine energy generation system are still in its infancy, although the findings reported in 
literature indicate the general feasibility of these machines for various energy generating systems. In 
recent years, the interest has reappeared in multi-phase generators in conjunction with the variety of 
prime movers such as wind energy and micro hydro power systems. Singh [8, 10] presented a 
experimental analysis of six-phase synchronous generator (SPSG) for stand-alone renewable energy 
generation in hydro power plant. In this, steady state behavior of the SPSG was presented for constant 
voltage and constant speed operation under symmetrical and asymmetrical loading conditions. However, 
it is worth to mention here that at present, no such solution was considered by the power generation 
industry. A detailed analytical analysis using MatLab/SimuLink has been carried out in the present work, 
which is a step towards the thorough understanding of the dynamic behavior of a six-phase synchronous 
generator taking into account the effect of mutual leakage reactance and coupling between the two stator 
winding sets sharing the same magnetic circuit. The computer traces for different loading conditions are 
presented and compared with the established results. 
2. Circuit Representation and Mathematical Model 
The schematic diagram of the basic two pole six-phase synchronous generator is shown in Fig. 1. 
The stator has six distributed phase windings a, b, c and x, y, z, and are connected in a set to form two 
stars with isolated neutral, to prevent the flow of physical fault and triplen harmonics between the two 
winding sets i.e. ‘abc’ and ‘xyz’ set. The magnetic axes of the two three phase sets are displaced by an 
angle of 30° electrical degree. It is assumed that the windings of each set are sinusoidally distributed and 
have their axes displaced by 120 degree apart. The rotor side has a field winding (fd) along the polar axis 
and two short circuited windings (Kd and Kq) each along polar and inter polar axes respectively. The 
short circuited windings are representing the effects of physical damper windings. At the instant of time 
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shown in Fig. 1, the d-axis coincides with the axis of phase ‘a’. It is assumed that the air gap field 
produced by the stator winding current is sinusoidally distributed and the stator slot has no effect on rotor 
inductances with the position of rotor. The saturation of the magnetic field is ignored. 
 
Fig. 1 Schematic Diagram of six-phase Fig. 2 Equivalent circuit of six-phase synchronous  
          synchronous generator            generator 
The voltage equations [5, 10] in the rotor reference frame are given by: 
v��� �  ���i��� � ��λ��� �  �λ���         (1) 
v��� �  ���i��� � ��λ��� �  �λ���         (2) 
v���� �  ���� i���� � ��λ���� �  �λ����          (3) 
v���� �  ���� i���� � ��λ���� �  �λ����          (4) 
v��� �  ���� i��� �  �λ���           (5) 
v��� �  ���� i��� �  �λ���           (6) 
v��� �   ���� i��� �  �λ���           (7) 
where flux equations are 
λ��� � ����i��� � ���� ��i��� � i���� � � ����� i���� � �����i��� � i���� � i��� � i��� �   (8) 
λ��� � ����i��� � ���� ��i��� � i���� � � ����� i���� � �����i��� � i���� � i��� �    (9) 
λ���� � ����i���� � ���� ��i��� � i���� � � ����� i���� � �����i��� � i���� � i��� � i��� �   (10) 
λ���� � ����i���� � ���� ��i��� � i���� � � ����� i���� � �����i��� � i���� � i��� �    (11) 
λ��� � ����� i��� � �����i��� � i���� � i��� �       (12) 
λ��� � ����� i��� � �����i��� � i���� � i��� � i��� �      (13) 
λ��� � ����� i��� � �����i��� � i���� � i��� � i��� �       (14) 
Above equations suggest the equivalent circuit as shown in Fig. 2. 
3. Computer Simulation Equations 
The detailed computer simulation of a six phase machine is based on the integral form of the 
machine’s voltage and torque equations with flux linkages per second and speed as state variables, 
winding currents as output variables, applied voltage and load torque as input variables. Substituting the 
value of currents from flux equations (8-14) in voltage equations (1-7) yields; 
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where, v��� � ��� � �r��� X��� �,      X � X��X�� � �X�� � X���X��� � X����
�
ψ�� � A����X��ψ��� � X��ψ���� � X���� ψ��� � X���� ψ���� �/X � ψ��� /X����  � ψ��� /X���� �
ψ�� � A����X��ψ��� � X��ψ���� � X���� ψ���� � X���� ψ��� �/X � ψ��� /X����  �
A�� � ��X����� � �X���� ��� � �X���� ��� � ��X�� � X���/X�
���
��
A�� � ��X���
�� � �X���� �
�� � ��X�� � X���/X�
���
��
In rotor reference frame, the electromagnetic torque is given by  
T�� � ψ�� � ����� � ����� � � ψ�� � ����� � ����� �        (22) 
The real and reactive powers supplied by the two winding sets of a six-phase machine are 
P�,� � v��,�� � ���,�� � v��,�� � ���,�� ,         Q�,� � v��,�� � ���,�� � v��,�� � ���,��     (23) 
4. Analytical and experimental response 
The detailed analytical transient analysis has been performed on a stand-alone six-phase 
synchronous generator when subjected to a step load change at 0.85 lagging power factor (p.f). For the 
present investigation, the parameters of a 3.7Kw, 6 pole, 50 Hz machine, given in Appendix A have been 
used [10].  Only ‘a’ phase and ‘x’ phase waveforms has been characterized here. The other phase 
waveforms were similar, as the nature of three phase terminal load applied is balanced either on a set or 
on both the sets. A theoretical study has been presented when only one of the winding sets and /or both 
the winding sets were subjected to a step load change under constant voltage, and constant frequency 
operation. In modelling, constant terminal voltage has been simulated by incorporating IEEE type-1 
excitation system.  The input to this system is the d-axis, q-axis voltages and a reference voltage i.e. 
nominal terminal voltage of the generator and the per unit (p.u) output excitation voltage is connected to 
the machine excitation. However, for constant speed mode a PI speed regulator has been used. The PI 
regulator compares its output with the reference (nominal) speed; accordingly it adjusts the output torque, 
which is sent to the generator. The PI gains were chosen by hit and trial method. 
For the purpose of experimental work the test machine was coupled to a semi-closed small hydro 
power (SHP) test rig, installed at Alternate Hydro Energy Centre. The details of the experimental setup is  
described in [8]. In absence of suitable load with desired power factor, experiments were carried out with 
resistive load only. Field current is controlled (with rheostat) to maintain the constant terminal voltage of 
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188V (approximately). Due to non availability of standard excitation controller, it was difficult to 
maintain constant voltage during loading. For constant frequency mode, the cross flow hydro turbine 
(coupled to SPSG) speed was maintained constant by varying discharge of water for different load 
conditions.  
4.1 Constant frequency operation
In this mode of operation only PI speed regulator is used to adjust the input toque of the 
generator, where as the excitation is kept fixed at the rated value. 
Fig. 3. Voltage and current waveforms when (a) 'abc' winding set is subjected to step load while 'xyz' set 
is at no load (b) both sets are on step inductive load under constant frequency operation 
Firstly, one winding set ‘abc’ of the generator is subjected to an inductive (0.85 lagging power 
factor) load at t = 3 Sec., whereas the other set ‘xyz’ is kept open circuited. The computer traces of 
positive peak terminal voltage and current of phase ‘a’ and ‘x’ are shown in Fig. 3(a), which illustrates 
that prior to any load, machine has been initialized to operate at rated terminal voltage and zero output 
current. Accordingly the view of Fig. 3(a1 & a3) indicates that the positive peak phase voltage of both the 
winding sets decreases with increase in load. It is observed that the amplitude of switching spike is more 
when higher load is switched on suddenly. Fig. 3(a2 & a4) shows the peak of phase currents of the two 
winding sets and the switching spikes has also been noticed in the open circuited three phase set. Under 
these operating conditions a drop in the terminal voltage of 2% has been noticed. Secondly, both the 
winding sets were subjected to the same step load at 0.85 lagging p.f. In this an equal inductive load of 
0.5 per unit was suddenly switched on at t = 3 Sec on each winding set. Fig. 3(b) shows the behavior of 
the generator under these conditions. It is observed that the magnitude of voltage drop, switching peaks 
and percentage change in speed at the time of application of load was higher when compared to the load 
on a single set. The voltage waveforms of the two sets clearly illustrate that there is an interaction 
between the two physically separated three phase star connected winding sets as they are sharing the same 
magnetic circuit. It indicates the transformer action between the two. Speed curve given in Fig. 8(a), 
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depicts that the speed decreases with the increase in step load, after every change in load speed swings 
and attains a steady state nominal level, as the input mechanical torque is regulated by the PI speed 
regulator system in accordance with the load on the machine. The experimental waveforms of phase 
voltage and current are shown in Fig 4(a-b), when one of the set ‘abc’ is loaded keeping the other set ‘xyz’
at no load and both the sets loaded with equal resistive load shown in Fig 5(a-b), under constant 
frequency operation. It is depicted that there is a drop of 3% and 5% in terminal voltage when load is 
subjected to one and both the winding sets respectively. The small error in the experimental values is due 
to the no-availability of a coordinated system to record all waveforms simultaneously. 
a                b
Fig. 4. Voltage and current waveforms for constant frequency operation (a) ‘abc’ winding set is loaded (b) 
‘xyz’ winding set is at no load 
a               b 
 Fig. 5. Voltage and current waveforms for constant frequency operation when both the winding sets are 
loaded at unity p.f:  (a) winding set ‘abc’, (b) winding set ‘xyz’
4.2 Constant voltage operation 
In this only IEEE type-1 excitation system has been connected to the rotor input of the generator 
to regulate excitation current according to load on the machine.  Fig. 6(a) illustrates the transient behavior 
of the synchronous generator when one winding set ‘abc’ is subjected to 0.85 lagging p.f load. It is 
depicted that the phase voltage of each phase oscillates and attain a rated level following every change in 
load as field current compensation has been provided by the excitation system. The waveforms for the 
equal and simultaneously switched on an inductive load at 0.85 p.f on both the winding sets are given in 
Fig 6(b). It is worth to mention here that intentionally the peak terminal voltage and current waveforms 
have not been depicted as these are very similar to Fig 3(a-b) with constant nominal voltage level attained 
after every variation in load.  The interaction phenomenon has been observed in this mode of operation 
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also. The switching spikes have also been noticed in the open circuited three phase set. With increase in 
load voltage reduces and oscillates to attain a constant nominal level of one per unit.  
Fig. 6. Voltage and current waveforms when (a) only ‘abc’ winding set is under load (b) both the winding 
sets were subjected to a step inductive load under constant voltage operation 
a               b 
   
Fig. 7. Voltage and current waveforms for constant voltage operation (a) one winding set ‘abc’ is loaded 
at unity p.f  (b) other  set ‘xyz’ is at no load 
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Fig. 8. Speed curves under constant (a) frequency and (b) voltage operation when both winding
sets are loaded 
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The phenomenon occurs due to the compensation of field current by the excitation system at the 
time of application of load. It is observed from the Fig. 8(b), that there is a speed drop of 10% when both 
the three phase winding sets were subjected to full load. The experimental waveforms of phase voltage 
and current are shown in Fig 7(a), when one of the set ‘abc’ is loaded at unity p.f, and Fig 7(b) when the 
other winding set ‘xyz’ is kept open circuited , under constant voltage operation. It is observed that there 
is a 3.4% drop in frequency when resistive load is subjected to only one winding set ‘abc’. Similar 
observations (drop in frequency) were made when both the winding sets are subjected to resistive loading.  
5. Conclusion 
In this paper, transient and dynamic behavior of six-phase synchronous generator under different 
loading conditions for constant voltage, and for constant frequency is analyzed. The developed model can 
be effectively utilized to analyze the machine behavior under unbalanced and balanced load condition 
(resistive, inductive, and resistive-inductive) on either one or both the winding sets of SPSG. Due to page 
limitation, analytical results for constant voltage and frequency mode of operation of the machine are not 
included.  
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Appendix A 
The parameters of the test machine are; r1 = r2 = 2.1, Xl1 = Xl2 = 0.1758, Xmd = 6.17, Xmq = 3.9, 
rKq= 5.07, rKd = 140.7, XKq = 0.66097, XKd = 1.54959, rfd = 0.00160, Xfd = 0.24021, Xlm = 0.001652, Xldq=
0 (for 30° displacement) all values are in ohms, J = 0.528 Kg-m2
